Background. O 6 -methylguanine-DNA methyltransferase (MGMT) promoter methylation status is a predictive biomarker in glioblastoma patients. Glioblastoma without hypermethylated MGMT promoter is largely resistant to treatment with temozolomide. These patients are in particular need of new treatment approaches, which are offered by biomarker-driven clinical trials with targeted drugs based on molecular characterization of individual tumors. Methods. In preparation for an upcoming clinical study, a comprehensive molecular profiling approach was undertaken on tissues from 43 glioblastoma patients harboring an unmethylated MGMT promoter at diagnosis. The diagnostic pipeline covered various levels of molecular characteristics, including whole-exome sequencing, low-coverage whole-genome sequencing, RNA sequencing, as well as microarray-based gene expression profiling and DNA methylation arrays.
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Results. Complex multilayer molecular diagnostics were feasible in this setting with a median turnaround time of 4-5 weeks from surgery to the molecular tumor board. In 35% of cases, potentially relevant therapeutic decisions were derived from the data. Alterations were most frequently found in receptor tyrosine kinases, members of the phosphoinositide 3-kinase/Akt/mechanistic target of rapamycin and mitogen-activated protein kinase pathway as well as cell cycle control and p53 regulation cascades. Individual tumors harbored clonal alterations such as oncogenic fusions of tyrosine kinases which constitute promising targets for targeted therapies. A prioritization algorithm is proposed to allocate patients with multiple targets to the potentially best treatment option. Conclusion. With this feasibility study, a comprehensive molecular profiling approach for patients with newly diagnosed glioblastoma harboring an unmethylated MGMT promoter is presented. Analyses in this pilot cohort serve as a basis for trials based on targetable alterations and on the question of allocation of patients to the best treatment arm.
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Glioblastoma is the most frequent malignant brain tumor in adults, constituting 60%-75% of astrocytic tumors and ~15% of all intracranial tumors. 1 The incidence is about 3-4 new cases per 100 000 people/year. 1 The prognosis for patients with glioblastoma is particularly unfavorable, with a median survival of ~15 months and 5-year survival rate of less than 10% in trial cohorts. 1, 2 The current standard-of-care (SOC) treatment comprises induction concomitant with radiotherapy combined with oral temozolomide, followed by a maintenance phase with six to twelve 28-day cycles of temozolomide. 3 Temozolomide as an alkylating agent exerts its cytotoxic effect through the formation of DNA crosslinks which lead to DNA strand breaks. Alkylation at guanine O 6 can be reversed by the DNA repair protein O 6 -methylguanine-DNA methyltransferase (MGMT) 4, 5 -thereby preventing the formation of lethal crosslinks. In line with this, patients harboring tumors with a hypermethylated MGMT promoter and thus silencing of MGMT gene expression experience a significant survival benefit from temozolomide chemotherapy. In contrast, patients with an unmethylated MGMT promoter show only minimal response. 6, 7 Therefore, particularly the latter group is in specific need of new treatments.
Frequent genetic alterations in glioblastoma affect receptor tyrosine kinases (RTKs), such as epidermal growth factor receptor (EGFR), platelet derived growth factor receptor alpha (PDGFRA), fibroblast growth factor receptor (FGFR), and MET proto oncogene RTK (MET). 8 EGFR is one of the most commonly altered genes, mainly affected by amplifications but also activated by somatic single nucleotide variants (SNVs) 8 or rearrangements including constitutively active EGFR variant III (EGFRvIII). 9 Although several therapeutic agents targeting EGFR and EGFRvIII have been investigated in clinical trials, 10, 11 no clinical benefit has been proven to result from addressing this pathway in glioblastoma. Downstream of RTKs, alterations in different members and regulators of the phosphoinositide 3-kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) as well as the mitogen activated protein kinase (MAPK) signaling pathways are regularly found. Cell cycle regulation is altered in approximately 80% of glioblastoma, 8, 12 mainly due to cyclin-dependent kinase inhibitor (CDKN) 2A/B deletion or cyclin-dependent kinase (CDK) 4/6 amplification. Finally, TP53 mutations or mouse double minute (MDM) 2/4 alterations impact p53 signaling, senescence, and apoptosis in glioblastoma.
Thus, the spectrum of molecular characteristics in glioblastoma comprises, at a relatively high frequency, genetic alterations which can be targeted by specific drugs. Therefore, clinical trials focusing on targeted therapies based on molecular characteristics of the individual tumor represent an attractive next step in the treatment of glioblastoma.
However, glioblastomas display extensive intratumoral heterogeneity at the level of the genome, transcriptome,
Importance of the study
The diagnosis of glioblastoma is associated with a poor prognosis-this holds especially true for patients with glioblastoma without MGMT hypermethylation showing resistance toward the standard-of-care treatment with temozolomide. With this study, we present a comprehensive approach for molecular diagnostics applicable at diagnosis in a clinically meaningful timeframe. Implementing methods to investigate various molecular levels reveals well-known alterations in glioblastoma, but also identifies rare promising targets for targeted therapies. The proposed prioritization algorithm serves as a basis for determining the most suitable targeted treatment for the individual patient in cases with multiple druggable targets. It also allows for planning and allocating patients to biomarker-driven clinical trials. and epigenome. 13 This heterogeneity, with subclones showing different characteristics, is one critical aspect to consider when planning biomarker-driven clinical trials.
Several clinical studies including targeted agents in newly diagnosed glioblastoma have failed to demonstrate efficacy in unselected patient cohorts. 12, [14] [15] [16] Therefore, well-considered allocation of patients to clinical trials based on molecular characteristics of the tumor as well as necessary retrospective validation of potential biomarkers are essential in a clinical setting.
The aim of this study was to evaluate the feasibility of timely, comprehensive molecular diagnostics and interpretation in a clinical setting. Our analysis of a prospective cohort of 43 matched tumor and germline samples using next-generation sequencing, gene-expression profiling, and DNA methylation analysis also serves as a basis for development of stratification algorithms to allocate patients to biomarker-driven clinical trials with targeted drugs.
The applicability of a similar pipeline in a clinically meaningful manner has previously been shown in the INFORM pilot phase for high-risk relapsed pediatric malignancies, 17 and we here aimed to demonstrate that such a model was transferable to a routine adult neuro-oncology setting at initial diagnosis.
Materials and Methods

Cohort
The NCT Neuro Master Match (N 2 M 2 ) pilot cohort includes 43 patients with newly diagnosed glioblastoma without MGMT promoter hypermethylation determined by pyrosequencing. 18 Thirty-nine of them were diagnosed at the Heidelberg University Hospital between July 15, 2014 and November 11, 2016. Glioblastomas in 4 patients were first diagnosed in other hospitals in Germany (Koblenz, Mannheim, Karlsruhe, Munich) and tissue was sent to our institution for analysis. Patients provided informed consent concerning the use of their tissue samples for research purposes. The concept of the investigation was approved by the local ethics committee (no. 206/2005, University of Heidelberg, Medical Faculty Ethics Committee).
Pyrosequencing for Determining MGMT Promoter Methylation
Analysis of MGMT promoter methylation status through pyrosequencing was performed with the Therascreen MGMT Pyro Kit (Qiagen) according to the manufacturer's instructions. Quantitative measurement of methylation in 4 cytosine-phosphate-guanine (CpG) sites in exon 1 of the MGMT gene was performed. The cutoff was set at 8%.
Infinium HumanMethylation450 Bead Chip and MethylationEPIC Kits
The Illumina Infinium HumanMethylation450 (450k) bead chip and MethylationEPIC kits were used to obtain the DNA methylation status at >450 000 and >850 000 CpG sites, respectively, according to the manufacturer's instructions at the Genomics and Proteomics Core Facility of the German Cancer Research Center in Heidelberg, Germany. Samples were analyzed using the R (www.r-project.org) based methylation pipeline "ChAMP. " 19 In brief, filtering was done for multihit sites, SNPs, and XY chromosomerelated CpGs, then data were normalized with a BetaMixture Quantile-based method and analyzed for batch effects with a singular value decomposition algorithm. Batch effects related to the tissue used (formalin-fixed paraffin-embedded [FFPE] vs fresh frozen) were corrected using ComBat. MGMT promoter methylation status was determined by the algorithm of Bady et al. 20 
Next-Generation Sequencing and Gene Expression Profiling
Comprehensive molecular profiling (low-coverage whole-genome sequencing [lc-WGS] and whole-exome sequencing [WES], RNA-sequencing, and gene expression microarray) was conducted as described before. 17 Confirmation of specific copy number variation (CNV) was performed using fluorescence in situ hybridization (FISH). Furthermore, gene panel sequencing using an in-house gene panel comprising 130 neuro-oncology relevant genes was added as previously specified. 21 A detailed description of the molecular profiling can be found in the Supplementary material.
Comparison of Different Diagnostic Methods
In order to address the extensive intratumoral heterogeneity known in glioblastoma, molecular diagnostic approaches should comprise different techniques and should be applied at sufficient depth to investigate events occurring at various levels of clonality. We additionally aimed to maximize the chance to identify important hits and potential heterogeneity of their abundance by analyzing different areas of the same tumor specimen. Samples collected for routine pathology were paraffin embedded and used for gene panel sequencing and DNA methylation profiling, whereas fresh frozen material was taken for the dedicated molecular workup of the study including WES.
mTOR Immunohistochemistry
Immunohistochemistry to detect phospho-mTOR was performed as described previously 12 using a heat antigen retrieval procedure (citrate buffer) and the phospho-mTOR antibody (Ser-2448, #2976, Cell Signaling Technology) in the dilution 1:100 according to manufacturer's recommendations.
Algorithm for Potential Assignment to Targeted Therapies
Assignment to potential therapies was performed based on the molecular profile of the glioblastoma samples. Patients with glioblastoma harboring one of the molecular characteristics given in Supplementary Table S1 were allocated to the respective hypothetical group. For patients with tumors
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harboring more than one of the described molecular characteristics, a prioritization assignment algorithm (Table 1) was developed to rank the targeted therapies with respective biomarkers to allocate the patient to that targeted therapy with the highest estimated chance of response. This algorithm is partly inspired by the INFORM algorithm 17 and considers clinical and preclinical evidence for benefit of a specific drug-biomarker combination in glioblastoma or other types of cancer as well as the nature of the genetic alteration. Of note, for each target, one test was considered as the formal reference-ie, WES for BRAF V600E mutation (vemurafenib) and anaplastic lymphoma kinase (ALK) point mutation (alectinib); RNA-Seq for fibroblast growth factor receptor (FGFR)-transforming acidic coiled-coil protein (TACC) fusion (ADZ4547) and MET fusion (crizotinib); methylation array for CDK4/6 amplification (palbociclib), MDM2 amplification (idasanutlin), and sonic hedgehog (SHH) amplification (vismodegib); and immunohistochemistry for mTOR Ser-2448 phosphorylation (temsirolimus). We allocated the patients of the above-mentioned alterations to the group that matches the molecular profile of the tumor and has the highest rank as given in Supplementary Table S1 . This list gives a theoretical rank and may vary in a real trial according to drug and trial arm availability. Patients without any of these characteristics cannot be assigned to a specific group and in case of the N 2 M 222 clinical trial will undergo block randomization to treatments with either a programmed cell death ligand 1 (PD-L1) antibody, cluster of differentiation 95 ligand (CD95L) inhibitory recombinant protein, or temozolomide.
Results
Clinical Characteristics of the Patient Cohort
The N 2 M 2 pilot cohort consisted of 43 patients with newly diagnosed glioblastoma. Inclusion was based on MGMT promoter methylation status determined by pyrosequencing and IDH1/2 wild-type status in all 43 cases. Twentyone (49%) women and 22 (51%) men were included with an average age at diagnosis of 62.8 years (Table 2) . Most patients had an Eastern Cooperative Oncology Group performance score of 0 (63%), and 19 (44%) patients were on steroid treatment at the time of diagnosis. Follow-up data on the primary therapy was available for 40 (93%) patients. Twenty-eight (65%) received primary radiotherapy with temozolomide, 11 patients (26%) were treated with radiotherapy only. One patient had not started further therapy at the time of analysis (Table 2 and Supplementary Table S2 ).
Timelines
One of the aims of this feasibility study was to determine whether a comprehensive molecular profiling could be performed in the clinically demanded timeframe of 6 weeks from surgery.
In 39 of 43 (90.7%) cases, surgery was performed locally at the Heidelberg University Hospital, and material arrived in the neuropathology laboratory at the day of operation. Four patients were operated on in external centers and tissue was subsequently analyzed at the Department of Neuropathology at the Heidelberg University Hospital.
For timeline calculations, only prospectively included cases (n = 35) were considered. The median time interval for sample processing before submission to pyrosequencing was 4 days (range 0-21). Pyrosequencing and DNA methylation array analysis were completed within a median of 3.5 days (range 0-25) and 26 days (range 8-84), respectively. WES, WGS, and microarray gene expression profile were performed within a median of 12 days (range 8-33) and 9 days (range 7-16), respectively. Panel sequencing was completed within a median of 23 days (range 7-42). Bioinformatic processing of sequencing data required 2 days as median (range 0-12) and data interpretation could be completed within 2-3 days (Fig. 1A) . Thus, when running as a routine part of a clinical study, the whole pipeline, including clinical decision for study arm allocation, is feasible within 4-5 weeks (Fig. 1B) . This also corresponds to our experience in now more than 300 patients prospectively enrolled in the INFORM 23 study.
MGMT Methylation Status: Pyrosequencing versus 450k/850k Methylation Array
Determination of MGMT status for inclusion in the present study was based on pyrosequencing, which is considered the gold standard. 18, 24 Prior studies of our group have suggested discordance in different methods for MGMT promoter methylation testing. 25 In 86.0% (37/43) of cases, the pyrosequencing and DNA methylation analysis results were consistent. Two cases showed an unmethylated MGMT promoter based on pyrosequencing (4% and 6% methylation, respectively), but the MGMT promoter was methylated based on DNA methylation array. Four cases were not classifiable with sufficient confidence to either methylated or unmethylated based on DNA methylation array. Notably, 2 distinct CpG sites are analyzed for MGMT promoter methylation analysis using the Infinium 450k bead chip and MethylationEPIC kits, respectively, 20 which differ from the CpGs in the pyrosequencing approach.
Single Nucleotide Variants: WES versus Gene Panel
The mean count of SNVs was 47.7 per exome (range 19-80) based on WES, in line with previous reports of adult glioblastoma 26 and higher than in pediatric high-grade glioma. 27 To explore intratumoral heterogeneity, targeted sequencing using an in-house panel of 130 neuro-oncology-relevant genes (Panel Seq) 21 was performed on FFPE material and compared with WES conducted on fresh frozen material from a different region of the same tumor. For 36 cases (84%) gene panel data were available from FFPE material, whereas for the remaining 7 cases, Panel Seq was performed on the same fresh frozen material as WES. Alterations detected in these 7 cases were completely consistent in both methods.
In the group of cases with sequencing data from different material types (FFPE and frozen), we altogether detected 69 alterations (SNVs and insertions/deletions), which we would consider as either potentially druggable targets or tumor biologically interesting findings (Fig. 2) . In total, 74% of alterations (48/69) were detected by both methods. One case harbored 2 different nucleotide substitutions within the phosphatase and tensin homolog (PTEN) gene, each of the SNVs revealed by one of the 2 methods, respectively. Three point mutations were detected by WES in genes which were not covered in the gene panel.
Of the 25% of alterations that were found by only one method, 5 of 69 were high allele frequency mutations, including one alteration found only by WES (MDM2) and not in the Panel Seq, and 4 alterations found only by Panel Seq and not WES (phosphoinositide -4,5-bisphosphate 3-kinase catalytic subunit alpha [PIK3CA], 2x EGFR, FGFR4), respectively. For these alterations, a technical reason such as poor coverage or very low allele frequency was ruled out, therefore the discrepancy points to intratumoral heterogeneity. This is underlined by the fact that no discrepant alterations were found in the cases with sequencing data from the same material. Another 9% of alterations could be detected by only one of the methods due to a low variant allele frequency (of lower than 10%). The remaining 9% of discrepancies were due to differences in the bioinformatic pipelines used. Therefore, the pipelines are now being further optimized based on these results. 
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Copy Number Variations: Low-Coverage WGS versus 450k/850k
Copy number plots obtained from lc-WGS were compared with those obtained from methylation array analysis for 36 cases. The overlap between both methods accounted for 88% (77/88) of alterations considered to be potential drug targets and/or tumor-biologically relevant (Fig. 2) . Four of 88 druggable alterations could be found only in lc-WGS data, whereas 7 of 88 were detected in copy number plots from methylation array but were not observed in lc-WGS.
The likely explanation for these discrepancies is again assumed to be intratumoral heterogeneity, since the relevant aberrations were of a type and size that should be detectable by both methods. One case (Pilot_GBM_26)-besides harboring CDK4 and MDM2 amplification (detected with both methods)-showed EGFR amplification in the lc-WGS data only and PDGFRA amplification in the methylation analysis only. Both alterations were highlevel focal amplifications, but each was observed by only one of the 2 methods. EGFR amplification was validated by FISH in the piece used for lc-WGS but was not detectable in the piece for methylation analysis (Supplementary Figure S1) . The tissue pieces taken for methylation analysis and lc-WGS therefore likely showed a strong enrichment for one of these 2 subclones, to the extent that the minor population was below the level of detection. Mosaic amplification of RTKs (ie, EGFR and PDGFRA) was previously described in glioblastoma with distinct tumor cell populations harboring either EGFR or PDGFRA amplification. 28 The phenomenon of chromothripsis as a single catastrophic event leading to multiple chromosomal rearrangements was also described in glioblastoma, 29 especially linked to MDM2/4, CDK4, and EGFR amplification. 30 Three cases in the cohort investigated showed chromothripsis of 1-2 chromosomes/chromosome arms. Notably, 2 of the tumors exhibited concomitant CDK4 and MDM2 amplification, whereas the third tumor was EGFR amplified (Supplementary Figure S2) .
Assignment to Previously Described Subgroups Based on DNA Methylation Analysis and Gene Expression Profiling
Using an in-house classifier scoring algorithm 31 based on genome-wide DNA methylation patterns, samples could be allocated to previously established methylation subgroups. 32 Of all cases, 88.4% (38/43) fall into the glioblastoma methylation groups of the mesenchymal, RTK I, or RTK II subtypes (Fig. 2) to pediatric glioblastoma groups (one to the pediatric RTK subtype and one to a methylation group enriched for MYCN amplification, 33 respectively). One tumor (pilot_ GBM_41) had a high leukocyte infiltration reflected by the highest score for the glioblastoma methylation group with high leukocyte infiltration. This indicates a low tumor cell content (in line with low variant allele frequency and rather flat copy number plot in this case), which also needs to be considered in such personalized medicine efforts. Two cases (pilot_GBM_2, pilot_GBM_13) could not be allocated clearly to one specific subgroup, but rather to a general group of high-grade gliomas. Samples were furthermore assigned to the proneural, classical, and mesenchymal expression groups of Verhaak et al (Fig. 2,  Supplementary Figure S3 ). 34 The concordance between the methylation and expression based groups was relatively low.
Frequently Affected Oncogenic Pathways
The most frequently altered pathways in the cohort investigated were (receptor) tyrosine kinase signaling (RTK), PI3K/Akt/mTOR pathway, MAPK pathway, cell cycle control, and TP53 regulation. Frequencies of alterations in these pathways as well as in individual pathway members are depicted in Fig. 3 . Amplifications and mutations of the EGFR gene were the most commonly occurring alterations of RTKs (18/43; 42%), followed by PDGFRA alterations (5/43; 12%). Less frequently affected tyrosine kinases included FGFR3/4, VEGFR, MET, and NTRK3. Taken together, 61% (26/43) of cases showed a genetic alteration in at least one RTK, with 6 cases harboring alterations in 2 or 3 different RTKs.
Regarding alterations of the PI3K/Akt/mTOR pathway, PTEN loss-of-function mutations and deletions were most frequent (24/43; 56%). To a lesser extent, PIK3CA/B and PIK3R1 mutations were also observed (10/43; 23%). Overall, genetic alterations of the PI3K/Akt/mTOR pathway were found in 70% (30/43) of cases. Alterations affecting members of the MAPK pathway (downstream of RTKs) were detected in 21% (9/43), partly overlapping with RTK alterations.
Dysregulation of cell cycle control was mostly due to CDKN2A/B deletion (occurring in 29/43 cases; 67%) and at a lower frequency due to CDK4 amplification (8/43 cases; 19%). No CDK6 amplifications were observed. Altogether, only 14% of cases showed no obvious alterations of cell cycle control mechanisms (6/43).
TP53 gene mutations were detected in 12 of 43 (28%) cases, in line with previous reports. 8, 35 Amplifications of the p53 regulators MDM2 and MDM4 were each found in 9% (4/43) of cases. None of these cases harbored a concomitant TP53 mutation. MDM2 overexpression, defined as reads per kilobase of exon model per million mapped reads >50 based on RNA-Seq data, correlated with gene amplification in 3 of 4 cases. One further case with high MDM2 expression showed no gene amplification.
Less frequent genetic alterations occurring in single cases included genes involved in transcription, chromatin remodeling, DNA repair, Notch and Wnt signaling pathway, as well as telomerase maintenance. EGFR   pilot_GBM_1  pilot_GBM_2  pilot_GBM_3  pilot_GBM_4  pilot_GBM_5  pilot_GBM_6  pilot_GBM_7  pilot_GBM_8  pilot_GBM_9  pilot_GBM_10  pilot_GBM_11  pilot_GBM_12  pilot_GBM_13  pilot_GBM_14  pilot_GBM_15  pilot_GBM_16  pilot_GBM_17  pilot_GBM_18  pilot_GBM_19  pilot_GBM_20  pilot_GBM_21  pilot_GBM_22  pilot_GBM_23  pilot_GBM_24  pilot_GBM_25  pilot_GBM_26  pilot_GBM_27  pilot_GBM_28  pilot_GBM_29  pilot_GBM_30  pilot_GBM_31  pilot_GBM_32  pilot_GBM_33  pilot_GBM_34  pilot_GBM_35  pilot_GBM_36  pilot_GBM_37  pilot_GBM_38  pilot_GBM_39  pilot_GBM_40  pilot_GBM_41  pilot_GBM_42 
NeuroOncology mTOR Staining
A subset of patients with MGMT unmethylated glioblastoma showing phosphorylation of mTOR at Ser-2448 may have some benefit from mTOR inhibitor treatment. 12 Therefore, 25 samples with material available were stained for mTOR Ser-2448. Four of 25 cases (16%) were evaluated as "mTOR positive" with 100% of cells showing a score of ≥2 (see Fig. 2 and Supplementary Figure S4 ).
Alterations as Promising Targets for BiomarkerDriven Therapies
The present study does not constitute an interventional trial, nor have patients been assigned to any particular therapy based on these data. However, hypothetically we could identify alterations that are promising druggable targets in glioblastoma in 15 of 43 (35%) cases (Fig. 4) .
Given the parallel design of an interventional trial, N 2 M 2 , 22 we have tested available arms and found matches for the MDM2 inhibitor idasanutlin, the CDK4/6 inhibitor palbociclib, and the mTOR inhibitor temsirolimus in 11 of 43 (26%) cases. Eight patients would fit into the palbociclib group, 4 patients into the idasanutlin group, and 4 patients into the temsirolimus group, including 5 patients fitting into 2 of these groups. Thirty-two of 43 (74%) patients had no biomarker match for this trial, but 4 cases had a further promising biomarker not currently planned to be included in the trial design.
Of these, a hotspot BRAF V600E mutation was found. The overall incidence of this mutation in adult glioblastoma is considered relatively low. [36] [37] [38] Single case reports describe a response to BRAF inhibitor treatment in pediatric patients with high-grade glioma. 36, 37 Clinical trials applying BRAF inhibitors in glioma patients are planned or ongoing (eg, ClinicalTrials.gov Identifier: NCT02684058). Two cases harbored FGFR3-TACC3 fusions. Oncogenic translocations fusing the kinase domain of FGFR1 or FGFR3 to TACC1 or TACC3, respectively, are described in ~3% of glioblastoma and were shown to be sensitive to FGFR inhibitor treatment in in vivo models. 39 Fusion of MET and protein tyrosine phosphatase receptor type Z1 could be detected in one further case. Rearrangements affecting MET were described as being oncogenic and a promising drug target in glioblastoma for treatment with MET inhibitors. 23, 39 For alteration patterns of the tumors, see Fig. 2 .
The N 2 M 2 clinical trial furthermore aims to include patients also based on the rare genetic alterations ALK fusion/point mutation for treatment with the ALK inhibitor alectinib and on SHH amplification to the SHH inhibitor vismodegib. No such alterations have been found in the 43 patients within the pilot cohort.
We furthermore compared targetable alterations in our cohort with the previously described cohort from The Cancer Genome Atlas (TCGA). Frequencies of the alterations which were also assessed in TCGA were similar in both cohorts (Supplementary Table S3 ).
Prioritization Algorithm for Patients with Multiple Potential Biomarkers
Six of 43 (14%) tumors harbored more than one promising target specifically consisting of the overlap between CDK4 and MDM2 amplifications as well as mTOR phosphorylation. This constitutes a challenging group, as a decision must be made on the best target. The refined prioritization algorithm ranked potentially targetable alterations regardless of N 2 M 2 trial availability together with the corresponding available treatments according to (i) the evidence level for benefit of patients harboring the respective biomarker, (ii) whether this evidence comes from glioblastoma or other cancer entities, and (iii) type and stability of the genetic alteration (Table 1, Supplementary Table S1 ). In the starting clinical trial, patients will be allocated to the best matching N 2 M 2 arm. If high confidence targets could be detected, but the compound arm for targeting this alteration is currently not available in N 2 M 2 , inclusion into other appropriate studies based on the molecular aberration will be considered. Patients without a matching biomarker will undergo block randomization between a PD-L1 antibody, a CD95L inhibitory recombinant protein, and SOC temozolomide (Fig. 4) .
Discussion
In contrast to the growing knowledge about molecular characteristics and tumorigenesis of glioblastoma during the last few years, progress in clinical management is still limited. Several clinical studies evaluating targeted agents in unselected patient populations in newly diagnosed glioblastoma have failed to demonstrate efficacy. 12, [14] [15] [16] Therefore, well-considered allocation of patients to clinical trials based on molecular characteristics of the individual tumor is required and critical evaluation of potential biomarkers in a clinical set is essential for further progress. This especially applies for the subgroup of MGMT unmethylated glioblastoma poorly responding to treatment with temozolomide. 
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Inclusion criteria of current and planned studies are increasingly based on MGMT promoter methylation. As these studies may withhold temozolomide in at least one study arm for the poorly responding MGMT unmethylated patients, accurate determination of MGMT promoter methylation status is crucial to avoid withholding temozolomide in patients who might benefit from this drug. In our study, 6 of 43 (14%) tumors with an unmethylated MGMT promoter determined by pyrosequencing and data available from both methods were classified as methylated or were unclassifiable with array-based methods. The discrepancy between the 2 methods can likely be explained by the differing CpG regions assessed in the 2 approaches, as noted above. It is therefore possible that these discrepancies represent true differences in methylation status depending on the precise CpGs analyzed, and it is important to keep this in mind for future stratification. We recently suggested that the response to temozolomide is more complex, and defining the right subgroups that do not benefit may also involve global methylation profiles and status of telomerase reverse transcriptase. 40 For the N 2 M 2 clinical trial, we will use pyrosequencing as the currently accepted gold standard to determine MGMT promoter status that defines the inclusion criteria. Patient samples with an unmethylated MGMT promoter defined by methylation array will be validated with pyrosequencing, and patients with MGMT methylation in either method excluded. Nevertheless, further research is needed, especially regarding those patients with discrepant MGMT promoter methylation.
With this feasibility study, we present a comprehensive approach including various techniques to allow for an in-depth molecular characterization of each individual tumor. For applicability in a clinical setting, a reasonable timeframe is crucial. In the N 2 M 2 pilot study presented here, molecular characterization was performed within 4-5 weeks after tumor operation, allowing timely decision making for further therapy.
In line with previous large-scale studies, 8 we could demonstrate that several biologically relevant pathways are affected in the investigated glioblastoma cohort, and in many patients at least one potential treatment biomarker was identified. Since targeted approaches are under consideration for clinical trials in glioblastoma, molecular profiling at diagnosis can serve as a basis for allocation of patients to biomarker-driven clinical trials.
One example is the upcoming N 2 M 2 clinical trial that includes patients with an unmethylated MGMT promoter and allocates these patients according to their molecular profile to different treatment arms. We virtually assigned the patients from this pilot cohort into the best fitting treatment arm. In the upcoming trial, patients without matching biomarkers will be randomized between a PD-L1 antibody, a CD95L inhibitory recombinant protein, and SOC temozolomide. For CD95L inhibition, a promising biomarker, low CD95L promoter methylation, 41 was present in 18 of 43 (42%) patients. Together, this shows that reasonable biomarkers for the treatment groups are present in a large subset of patients. N 2 M 2 provides a useful structure to test the translation of molecular diagnostics into clinical decisions as well as safety and efficacy evaluations. One problem is the allocation of patients with tumors harboring 2 or more potentially druggable targets to the best specific treatment. Since combined treatments often result in severe side effects and cannot be analyzed in clinical trials due to their complexity, we developed a prioritization algorithm based on clinical and preclinical evidence in glioblastoma and other cancer indications. The algorithm yields the most promising biomarker and targeted treatment for patients with more than one potential target. It can be easily adapted in competing situations with new potential biomarkers evolving in the future or shifting evidence on existing biomarkers according to clinical trial results.
Chromothripsis has been observed in 2 patients in the present study. It is questionable whether patients with such large numbers of genetic alterations related to a single event should be excluded from study entry. However, genomic instability may also drive senescence and may enhance dependence on growth-promoting pathways, therefore we plan not to exclude such patients, but to specifically follow up on the disease course.
Certainly, inter-as well as intratumoral heterogeneity remain an extreme challenge for the design of biomarkerdriven clinical trials, and the full spectrum is not addressed in this study. Several examples are presented which suggest that parallel, complementary analyses from different tumor pieces may be a rational strategy. Future studies will also have to take into account that biomarkers might be unevenly distributed both spatially and temporally within one and between different tumors, which is an important consideration for maximizing the predictive value of biomarkers.
A further practical problem is the low frequency of some of the alterations. N 2 M 2 will assess each subtrial individually and only use the temozolomide subtrial as a contemporary reassurance for the validity of the assumptions of progression-free survival. As a next step, randomized, controlled trials will be performed for successful arms with high-frequency molecular lesions like the CDK4/6 amplification (CDKN2A loss) or the mTOR Ser-2448 phosphorylation or for yet-to-be-discovered parameters for the APG101 or atezolizumab subtrials. The lesions with lower frequency will need more time for accrual, a preselection, or different efficacy assessments like objective response rates.
In summary, with this feasibility study, we present a comprehensive molecular profiling approach for glioblastoma without MGMT promoter hypermethylation, which can be applied at diagnosis in a clinically relevant timeframe. Knowing the molecular characteristics of the individual tumor allows for allocation to respective biomarker-driven clinical trials as well as retrospective identification of promising biomarkers to hopefully advance the pace of therapeutic progress for glioblastoma patients.
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